We have characterized different neuronal subpopulations derived from in vitro differentiation of embryonic stem (ES) cells using as markers the expression of several homeodomain transcription factors. Following treatment of embryo-like aggregates with retinoic acid (RA), Pax-6, a protein expressed by ventral central nervous system (CNS) progenitors is induced. In contrast, Pax-7 expressed in vivo by dorsal CNS progenitors, and erbB3, a gene expressed by neural crest cells and its derivatives, are almost undetectable. CNS neuronal subpopulations generated expressed combinations of markers characteristic of somatic motoneurons (Islet-1/2, Lim-3, and HB-9), cranial motoneurons (Islet-1/2 and Phox2b) and interneurons (Lim-1/2 or EN1). Molecular characterization of neuron subtypes generated from ES cells should considerably facilitate the identification of new genes expressed by restricted neuronal cell lineages.
Introduction
Recently, much interest has been focused on the generation of neurons from pluripotent cells as tools to study early steps of neuronal differentiation in vitro , to preselect gene trap clones for neuronal mutations (Baker et al., 1997) , and to develop clinical strategies for transplanting neural precursor cells in the nervous system (Brüstle and McKay, 1996) . In vitro neuronal differentiation will play an important role in these strategies. In this context, embryonic stem (ES) cells represent an interesting model.
Mouse embryonic stem (ES) cells are pluripotent cell lines derived from the inner cell mass of 3.5-day blastocysts of preimplantation mouse embryos (Evans and Kaufman, 1981; Martin, 1981) . They are considered to be closely related to primitive ectoderm of the very early postimplantation embryo. ES cells can be maintained in an undifferentiated state in culture for many passages in the presence of leukemia inhibitory factor (LIF), an inhibitor of ES cell differentiation (Williams et al., 1988) . ES cells have two main properties. First, they are accessible for genetic manipulation while retaining their ability to colonize the germline of mouse chimeras. Secondly, under appropriate conditions, ES cells are able to differentiate spontaneously in culture to generate various cell types. When ES cells are cultured in suspension in non-adhesive dishes, cell aggregation takes place giving rise to the formation of small spheres called embryoid bodies (EBs) in which cell differentiation can be followed by cellular expression of specific markers restricted to a given lineage.
Initially, EBs generate populations of cells that express genes characteristic of primitive endoderm and mesoderm. Subsequently, they can generate cells of the hematopoietic, endothelial, muscle, and neuronal lineages (Keller, 1995) . The sequence of events leading to lineage commitment in vivo is often observed within EBs, suggesting that this in vitro model obeys to some extent the rules prevailing in the whole embryo (Rohwedel et al., 1994) . However, different differentiation conditions can drastically affect the propor- Mechanisms of Development 79 (1998) [185] [186] [187] [188] [189] [190] [191] [192] [193] [194] [195] [196] [197] 0925-4773/98/$ -see front matter © 1998 Elsevier Science Ireland Ltd. All rights reserved PII S0925-4773(98)00189-0 tions of different cell types obtained in the EBs. In the absence of inducers, neurons represent only a small percentage of the total cells (Wobus et al., 1988) . Unlike hematopoietic, endothelial and muscle cell lineages, efficient generation of neurons from EBs requires an additional inductive stimulus provided by retinoic acid (RA) which promotes neural and represses mesodermal gene expression in cultured mouse EBs (Bain et al., 1996) and in the P19 teratocarcinoma cell line (Jones-Villeneuve et al., 1982; Bain et al., 1994) .
In these conditions, a neuroepithelial proliferating precursor cell population, which expresses the intermediate filament protein nestin, was derived from ES cells and can differentiate into neuronal (MAP2-positive) and glial (GFAP-positive) cells (Okabe et al., 1996) . ES-derived neurons have been characterized by the expression of proteins associated with basic neuronal functions including III btubulin, neurofilament subunits, the neuronal surface marker N-CAM, transmitter synthesizing enzymes (GAD, TH, ChAT), transmitter receptor subunits (GluR), or by their electrophysiological properties Strübing et al., 1995; Fraichard et al., 1995) . While ES-derived neurons reveal electrophysiological and biochemical properties of CNS neurons (Strübing et al., 1995; Okabe et al., 1996) , little is known of their precise phenotypes.
Motoneurons are among the first neurons formed. Their early development in vertebrates requires inductive action from the notochord and floor plate mediated by the secreted glycoprotein Sonic hedgehog (Shh) (for a review see Tanabe and Jessell, 1996) . Shh inhibits Pax7 expression giving rise to ventralized CNS progenitors; secondly, graded Shh activity regulates Pax6 expression in progenitor cells, and thus influences the identity of neurons generated including Lim-1/2 interneurons and Islet-1/2 motoneurons (Ericson et al., 1996 (Ericson et al., , 1997 .
Over the last few years, a considerable number of markers have been used to distinguish neuronal subclasses within the CNS. In the developing spinal cord, the combinatorial expression of four transcription factors of the LIM family (Islet-1, Islet-2, Lim-1, and Lim-3) defines different motoneuron subtypes organized into longitudinal columns. Motoneurons located within a single column project their axons to a common peripheral target region (Tsuchida et al., 1994; Tosney et al., 1995) . The two homeoproteins Islet-1 and Islet-2 are markers of motoneurons, although they are also expressed in other classes of neurons (Thor et al., 1991; Liem et al., 1997) . In the brainstem, all cranial motoneurons seem to express Islet-1 whereas Islet-2 and Lim-3 are restricted to certain cranial motoneuron subpopulations (Varela-Echavarria et al., 1996) . In the CNS, the Phox2b homeodomain transcription factor is expressed in cranial nuclei (except the VIth and XIIth) but not in spinal motoneurons. Cranial motoneurons in the hindbrain are classified into three distinct classes: somatic motor (SM) neurons innervate muscles derived from myotomes, branchiomotor (BM) neurons target the muscles developing from the branchial arches, and visceromotor (VM) neurons innervate autonomic ganglia. In the spinal cord, there are only SM and VM neurons. In the PNS, Phox2b, as well as the neuregulin receptor erbB3, is found to be expressed in the three cranial sensory ganglia (VIIth, IXth, Xth) and in all ganglia of the autonomic nervous system (Meyer and Birchmeier, 1995; Pattyn et al., 1997) . The homeobox gene HB9 (Harrison et al., 1994) is expressed in subsets of cranial (of the VIth and XIIth somatic motor nuclei; J. Livet, personal communication) and spinal motoneurons . The above markers can thus be used to characterize different motoneuronal subpopulations.
Here, we show that in the presence of RA, embryoid bodies derived from ES cells can differentiate into cell types characteristic of ventral CNS. These include at least two different subpopulations: an Islet-expressing population composed of somatic and Phox2b-expressing cranial motoneurons and an Islet-negative population probably composed of interneurons. Furthermore, we document the regulation of expression of several markers during in vitro maturation of neurons.
Results

Neuronal differentiation is regionalized within embryoid bodies derived from CCE embryonic stem cells
Some embryonic stem cell lines such as the D3 ES cell line require the use of feeder layers, which impose constraints on manipulation (Doetschman et al., 1985) whereas others, such as the CCE cell line, are feeder-independent (Robertson et al., 1986; Keller et al., 1993) . Undifferentiated ES cells from the CCE ES cell line were grown on gelatin-coated (0.1%) tissue culture dishes in standard ES cell culture medium containing LIF (1000 units/ml). On day 0, ES cells were cultured in hanging drops distributed on non-adhesive bacteriological Petri dishes and incubated for 2 days at 37°C in 5% CO 2 (Strübing et al., 1995) . ES cells continued to divide and aggregate at the bottom of drops, forming embryoid bodies (EBs) in which cell differentiation occurred. On day 2, hanging drops were resuspended in medium containing 2 mM RA and dishes were kept at 37°C for 5 more days. EBs treated with RA were collected at day 7 (EB7) and cell types were analyzed on cryostat sections by immunostaining. Neural precursor cells were stained using an antibody against the intermediate filament protein nestin (Fig. 1A) which is expressed in CNS and PNS precursors (Lendahl et al., 1990) . Nestin-positive cells were distributed throughout the EBs. Since nestin is also expressed by muscle precursors (Sejersen and Lendahl, 1993) , we used an antibody against the muscle-specific protein desmin to show that dissociated cells from RA-treated EBs did not include myoblasts (data not shown). Post-mitotic neurons were detected on sections at the periphery of EBs using antibodies directed either against the neurofila-ment NF-145 subunit (Fig. 1B) or the microtubule-associated protein MAP-2 (Fig. 1C) . Thus, after seven days of culture, RA-induced EBs show the presence of neural progenitors as well as post-mitotic neurons.
Analysis of neuronal gene expression in EBs by RT-PCR
Gene expression was further analyzed in embryoid bodies by reverse transcription-polymerase chain reaction (RT-PCR) using a panel of different specific primers. RNAs were isolated at days 6 and 7 from non-induced and RAinduced EBs, then analyzed by semi-quantitative RT-PCR (Fig. 2) . Members of the Trk family of tyrosine kinase receptors are expressed in most classes of neurons during their development (reviewed in Barbacid, 1994) . We showed that the levels of TrkC and TrkB transcripts are up-regulated after RA treatment, as has already been shown for TrkA during neuronal differentiation of P19 embryonal cells (Salvatore et al., 1995) .
We examined by RT-PCR the expression of three different neurotransmitter-synthesizing enzymes during EB differentiation. Transcripts of glutamic acid decarboxylase (GAD) are characteristic of GABAergic neurons, tyrosine hydroxylase (TH) of dopaminergic and noradrenergic neurons, and choline acetyltransferase (ChAT) of cholinergic neurons. Levels of their mRNAs were up-regulated in embryoid bodies by RA. Thus, our results show a striking induction by RA of neuronal markers in EBs during the 6th and 7th days of differentiation.
RA-induced neurons from ES cells exhibit ventral CNS differentiation
In vivo, the dorso-ventral polarity in the neural tube is reflected by domains of Pax gene expression. Pax6 is expressed in ventral progenitors including motoneurons whereas Pax7 is expressed in dorsal progenitors including neural crest cells (Mansouri et al., 1996; Ericson et al., 1997) . In order to better characterize the different types of neuronal sub-populations induced in vitro, we examined by immunostaining the expression of Pax6 and Pax7 genes on cryostat sections of embryoid bodies at day 7 (EB7). Whereas Pax6 was not expressed in undifferentiated ES RT-PCR assays were performed on embryoid bodies harvested at day 6 (EB6) or day 7 (EB7). RNAs were isolated from non-induced and from RA-induced EB6 and EB7. RA up-regulates the levels of transcripts for TrkC and TrkB receptors, the three neurotransmitter-synthetizing enzymes (GAD, TH and ChAT), the HB9 transcription factor and the signaling molecule Shh. RT-PCR assays were performed and PCR products were hybridized to DIG-dUTP specific probes (see Section 4). (B) . No signal was obtained by ISH on EB7 using an erbB3 riboprobe (C) whereas a strong signal was observed following ISH to sections of E14.5 dorsal root ganglia (not shown). HB9-expressing cells are detected in EB7 (D). The number of Islet-positive cells in EB increases between day 6 (E) and day 7 (F). In other experiments, EB7 were dissociated, cells were plated and double-immunostained 24 h later for NF-145 (G) and Islet-1/2 (H). Scale bars, 200 mm. cells (data not shown), we found clusters of Pax6-positive cells preferentially located within the central region of EBs (Fig. 3A) . In contrast, Pax7 expression was almost undetectable (Fig. 3B) . These results suggest that in these conditions RA induces central nervous system progenitors of ventral character, almost to the exclusion of dorsal neural tube progenitors. In order to confirm these data, we used in situ hybridization (ISH) to detect the expression of the erbB3 neuregulin receptor transcripts, which are expressed predominantly in the peripheral nervous system (Meyer et al., 1997; our unpublished data) . Expression of erbB3 is found in peripheral ganglia cells derived from the neural crest as well as Schwann cell precursors but not in the central nervous system (Meyer and Birchmeier, 1995) . No erbB3 mRNA was detected in EB7 (Fig. 3C ). In vivo, the graded signaling activity of Sonic hedgehog (Shh) controls the generation of distinct classes of motoneurons and ventral interneurons in the neural tube (Ericson et al., 1997) . Using RT-PCR, we demonstrated that Shh transcript levels in EBs were up-regulated by the addition of RA at the time when Pax6-positive cells are detected within EBs (Fig. 2) . We propose that this could be one reason why in vitro neuronal differentiation of EBs generates ventral CNS progenitors.
Since motoneurons express the homeoproteins Islet-1 and/or Islet-2, we asked whether motoneurons were being generated in RA-treated EBs by following Islet expression on EB cryostat sections at days 6 and 7. We used an antibody that recognizes both Islet-1 and Islet-2 proteins; the staining obtained with this antibody will be referred to as Islet staining. On day 6, on sections of EBs induced by RA, we detected a few Islet-positive cells preferentially localized at the periphery (Fig. 3E ), whereas by day 7 this number had dramatically increased (Fig. 3F) . To see if Isletpositive cells were neurons, EB7 were collected and disaggregated cells were seeded in complete F12 medium without RA. Within a few hours, the first neurite processes began to extend. The cells were fixed for immunohistochemistry 24 h later. Double immunostaining on dissociated cells using NF-145 (Fig. 3G ) and Islet antibodies (Fig. 3H) showed the presence of Islet-positive neurons, as well as non-neuronal Islet-expressing cells (not shown).
To assess the efficiency of induction of neurons and in particular Islet-positive neurons in our system, we performed double immunostaining on dissociated cells using NF145 and Islet antibodies and counted the numbers of NFpositive/total cells and Islet-positive/NF-positive cells. A variety of batches of RA from different suppliers was tested for the efficiency of Islet induction. The batch used for all experiments described in this paper induced a cell population in which 10% were neurons (i.e. NF-positive) and between 40 and 68% of those neurons were Islet-positive. Certain batches of RA were found to give reproducibly higher proportions of Islet-positive neurons, although this was accompanied by a reduction in the total number of neurons induced. Since the availability of starting material, i.e. ES cells, is non-limiting, this proportion of neurons did not hinder the generation of different neuronal subpopulations in sufficient numbers for quantification.
ES cell-derived neuronal sub-populations induced in vitro
We further characterized the neuronal populations produced in our differentiation system, using combinations of markers of cranial and spinal cord neuronal subpopulations.
Somatic motoneurons
In order to characterize unambiguously the presence of somatic motoneurons after in vitro neuronal differentiation, we tested the expression of HB9, which in the neural tube is restricted to spinal and cranial somatic motoneurons. We showed by RT-PCR that HB9 transcripts are not detected at significant levels in the absence of RA, whereas addition of RA up-regulates their expression in EB6 and EB7 (Fig.  2) . HB9-expressing cells were detectable by in situ hybridization on EB7 cryostat sections (Fig. 3D) . Correspondingly, we observed the presence of large HB9-positive neurons in dissociated cultures from EB7. By double immunostaining using Islet (Fig. 4A ) and HB9 ( Fig. 4B) antibodies on dissociated cells, we showed that all HB9-positive neurons expressed Islet, and that they represented 12% of the Isletpositive neurons (Fig. 5) . In contrast, no cells were detected that co-expressed HB9 and Phox2b, a marker for nonsomatic cranial motoneurons (Fig. 5) . We suggest that the HB9-positive cell population is composed of somatic motoneurons that may be cranial and/or spinal.
Induction of the somatic motoneuron phenotype by RA was further confirmed by double immunostaining using Islet (Fig. 4D ) and Lim-3 (Fig. 4E) antibodies. In the chick, Islet-1 and Lim-3 markers co-localize in subsets of cranial somatic motoneurons and also in the median part of the median motor columns (MMCm) from spinal cord (Tsuchida et al., 1994; Varela-Echavarria et al., 1996) . Low numbers of doubly stained neurons were detected in our cultures. Another subset (3% of the Islet-1-positive neurons; see Fig. 5 ) of neurons was detected by double immunostaining using Islet-1 (Fig. 4G ) and Lim-1/2 (Fig. 4H) antibodies. In chick explants, a few such double-positive cells were also detected transiently at the junction of the motoneuron and interneuron (Lim-1/2-positive) populations (Ericson et al., 1996) . We observed that all Islet-1-positive neurons were also detected by the anti-Islet-1/2 antibody (Fig. 5 ). This suggests that somatic motoneurons generated from ES cells do not include motoneurons (Islet-2-positive and Islet-1-negative) which belong to the LMCl subpopulation (Tsuchida et al., 1994) .
Phox2b-expressing cranial motoneurons
We asked the question whether RA-induced motoneurons were preferentially of cranial or spinal subtypes. To answer this question, we used an antibody against Phox2b, a homeodomain transcription factor expressed in cranial somatic motoneurons (except for the VIth and XIIth nuclei), nonsomatic cranial motoneurons such as branchiomotor (BM) and visceromotor (VM) neurons but not in spinal motoneurons. By double immunostaining on dissociated cells using anti-Phox2b (Fig. 4J ) and anti-Islet (Fig. 4K) antibodies, we found that about 60% of Islet-positive neurons expressed Phox2b (Fig. 5) . We conclude that most of the motoneurons generated from ES cells in our system are of cranial subtype.
Interneuron subtypes
In vivo, Lim-1 and Lim-2 are expressed in interneurons throughout the rostrocaudal extent of the developing brain stem and spinal cord (Varela-Echavarria et al., 1996; Tanabe and Jessell, 1996) . However, apart from Lim-1 in the lateral motor columns of the limb (LMCl) (Tsuchida et al., 1994) , they are not expressed in motoneurons. By double immunostaining on dissociated cells using Islet and Lim-1/2 antibodies, we found that more than 95% of Lim-1/2-positive neurons were Islet-negative (Fig. 5) , suggesting that they were interneurons. We also detected low numbers of neurons that expressed the homeodomain protein Engrailed1 (EN1) (Fig. 4M) . In vivo, EN1-positive interneurons are located close to motoneurons, but EN1 and Islet markers are not coexpressed by single neurons in the spinal cord .
Regulation of expression of several neuronal markers during in vitro differentiation
We next determined the timing and sequence of appearance of several markers characteristic of different stages of motoneuron differentiation: nestin, Islet, peripherin, ChAT and VAChT.
We carried out double immunostaining for NF-145 and nestin on 24 h cultures of dissociated EBs. Post-mitotic NF-145-positive neurons (Fig. 6A ) and nestin-positive precursor cells (Fig. 6B) were observed. Expression of both markers is tightly regulated in RA-induced cell cultures since in NF-positive differentiated cells, nestin protein is either down-regulated or completely absent. In most nestin-positive precursor cells (see the pair of nestin-positive cells in Fig. 6B ), the NF-145 subunit is not detectable (see Fig. 6A ). These results show that the transition from nestin expression in neuronal precursors towards neurofilament expression in differentiated neurons observed during normal development can be reproduced in vitro during neuronal differentiation of ES cells.
Peripherin is a type III intermediate filament that has been shown to be expressed in motor, sensory and sympathetic neurons (Djabali et al., 1991) . By double immunostaining with peripherin ( Fig. 6C) and Islet (Fig. 6D) antibodies of RA-induced day 7-dissociated cells after 24, 48 and 72 h in culture, we determined the proportion of peripherin-positive neurons within the Islet-positive cell population. Whereas the percentage of Islet-positive cells relative to the total number of cells was maximum at 24 h (data not shown), the expression of peripherin was progressively up-regulated between 24 h and 72 h. About 15% of the Islet-positive cells were peripherin-positive after 24 h whereas this proportion reached almost 70% after 72 h in culture (Fig. 7) . This is consistent with what is observed in vivo, where NF-L expression occurs before that of peripherin (Escurat et al., 1990) .
Motoneurons are cholinergic, and express the biosynthetic enzyme choline acetyltransferase (ChAT) and the vesicular transporter for acetylcholine VAChT. Both markers co-localize in cholinergic neurons and are expressed late during development when synaptic contacts are established (Arvidsson et al., 1997) . By single immunostaining with ChAT (not shown) or VAChT (Fig. 6E) antibodies, we showed that both markers are expressed in neurons induced by RA, but we never detected their presence by immunostaining before seven days of culture after EB dissociation (data not shown). Both markers are thus tightly regulated during in vitro neuronal differentiation.
Discussion
We show here that treatment with retinoic acid in appropriate conditions can cause ES cells to differentiate into different neuronal subclasses characteristic of the ventral CNS including somatic motor, branchiomotor or visceromotor neurons and ventral interneurons. Precise molecular characterization of neural cell phenotypes induced by differentiation of ES cells should considerably facilitate iden- tification of genes differentially expressed in these neuronal subpopulations.
Using several markers of CNS or PNS neural progenitors, together with markers of defined neuronal subpopulations, we have tried to define the identity of neurons produced from ES cells. Several lines of evidence presented here indicate that RA induces the CCE ES cell line to differentiate into CNS neurons of ventral character. In mammals, Pax6 expression is restricted to the CNS, and in the neural tube its expression domain is in the ventral region (Walther and Gruss, 1991; Ericson et al., 1997) . The expression of Pax6 in ES cell-derived embryoid bodies (Gajovic et al., 1997 ; our present data) but not that of erbB3 suggests that ES cell-derived neurons are of the CNS type and not PNS type. Furthermore, Pax6 expression and the almost complete absence of the dorsal marker Pax7 in EBs argues for the generation of CNS neurons of ventral character. However, we cannot completely exclude the possibility that dorsal precursors are generated since some cells expressing very low levels of Pax7 were observed. Finally, up- regulation of the expression of Shh by RA in our differentiation system fits with the notion of ventral CNS differentiation. Shh is expressed by the floor plate along the rostrocaudal axis of the vertebrate embryo and plays an essential role in the differentiation of ventral neuronal subtypes (reviewed in Tanabe and Jessell, 1996) . Interestingly, RA, acting through a RARE in the Shh promoter has been shown to directly activate transcription of the Shh gene in HeLa cells (Chang et al., 1997) . Other reports have already suggested that, after RA treatment, ES cell-derived neurons show electrophysiological and biochemical properties of postmitotic CNS neurons (Strübing et al., 1995; Okabe et al., 1996) . Neurons derived from the BLC 6 ES cell line express receptors for the main inhibitory (GABA and glycine) and excitatory (glutamate) neurotransmitters in the CNS (Strübing et al., 1995) . Similar sets of currents have been detected in neurons derived from the ES cell lines CCE and D3 when differentiated after RA treatment . It is striking that in all these different procedures, neuronal differentiation always requires between 5 and 6 days after the addition of RA in order to produce the first post-mitotic neurons.
We characterized different neuronal subtypes within the cell population induced by RA, by investigating the expression of genes representing several families of homeodomain proteins, the expression profiles of which can be used to define cranial and spinal cord neuronal subpopulations. After EB dissociation at day 7 and cell plating, the ES cell-derived neuronal cell population can be divided in two classes: one expressing Islet and a second class expressing Lim-1/2 and not Islet. The Islet-expressing cell population is composed of two classes of somatic motoneuron. The HB9-positive cranial and/or spinal motoneurons and Lim-3-positive motoneurons which could be either cranial or spinal from the median motor columns (MMCm), and presumptive cranial SM, BM or VM neurons which are Phox2b-positive. It is noteworthy that in our system at least 60% of RAinduced motoneurons generated from ES cells are of the cranial subtype. Several effects of RA on CNS antero-posterior patterning have been reported in vivo within the hindbrain (Lumsden and Krumlauf, 1996; Blumberg et al., 1997) . During gastrulation, the development of the vertebrate hindbrain is sensitive to excess of RA, which causes apparent transformation of anterior structures toward more posterior identities (Maden and Holder, 1992) . Vitamin Adeficient quail embryos present severe defects in their CNS including absence of posterior hindbrain (Maden et al., 1996) . Recent evidence shows also that retinoid receptor signaling promotes primary neurogenesis in Xenopus (Sharpe and Goldstone, 1997) . However, both in vitro and in vivo, it remains unclear how RA induces neurogenesis. Although several effects of RA described in vivo in the hindbrain may be correlated to our in vitro data showing the induction of cranial motoneurons, the molecular mechanisms underlying such aspects in vitro remain to be defined. Evidence for more specific role(s) for retinoids via RAR and/or RXR receptors in motoneuron development was provided in a recent report by Sockanathan and Jessell (1998) . These authors demonstrated that RA causes specific proliferation of spinal cord precursors that further differentiate towards a motoneuronal pathway and also clearly established that RA later participates in the specification of LMCl motoneurons. The absence of the LMCl motoneuron subtype in our system might reflect the possibility that the somatic motoneurons we observe are of the cranial subtype and that the calculated percentage of cranial motoneurons (60%), based on Phox2b expression, may be an underestimate. It would be interesting, in light of our results to examine whether particular retinoid receptors also participate in the specification of cranial motoneurons in vivo.
The expression pattern of Lim-1/2 interneurons during neurogenesis defined by Varela-Echavarria et al. (1996) demonstrated Lim-1/2 neurons distributed throughout the dorso-ventral neural tube. Thus, the Lim-1/2-expressing neurons observed in our system that were Islet-negative were taken to be interneurons. As in vivo Ericson et al., 1997) , a small number of neurons expressed EN1. The class of Islet-positive dorsal interneurons, termed D2 neurons (Liem et al., 1997) was apparently not induced, like other dorsal CNS populations.
Our study thus represents the first demonstration of an in vitro differentiation system for ES cells which reproducibly generates particular classes of neurons, in this case Isletexpressing neurons including motoneurons and Lim-1/2-expressing neurons including interneurons. In vivo, these neuronal subpopulations have been shown to be produced from ventral Pax7-negative progenitors by Ericson et al. Fig. 7 . Time-course of peripherin expression by ES cell-derived Islet-1/2 neurons. We calculated the proportion of peripherin-positive neurons within the Islet-positive cell population in dissociated cultures at 24, 48 and 72 h. During differentiation, the number of neurons expressing both markers increases significantly. (1996) . It is therefore tempting to speculate that Pax6 and Pax7 gene regulation is also predictive of the generation of Islet-positive and Lim-1/2-positive phenotypes in vitro.
We showed that the expression of neuronal markers is tightly regulated in RA-induced cell cultures in which the transition from nestin expression in neuronal precursors towards neurofilament expression in differentiated neurons can be reproduced. Whereas the percentage of Islet-positive cells relative to the total number of cells was maximal at 24 h in vitro after EB7 dissociation, the expression of peripherin, a marker of more mature neurons including cranial motoneurons, was progressively up-regulated during the first 3 days after EB dissociation (Escurat et al., 1990; Pattyn et al., 1997) . We observed a cholinergic phenotype for the neurons remaining after 7 days of culture by single immunostaining with ChAT (not shown) or VAChT (Fig.  6E) antibodies. We could not directly associate this mature cholinergic phenotype with the 24-72 h old Islet-expressing neurons because we could not detect VAChT or ChAT by immunolabeling before 7 days of culture. It could be that certain signaling interactions are missing in vitro since we also failed to detect ChAT or VAChT expression by purified E14 rat motoneurons cultured for 72 h (not shown). We cannot exclude that the failure to detect these markers by immunohistochemistry in younger neurons was due to technical problems due to very low levels of expression, since ChAT mRNA was readily detectable by RT-PCR in EB7.
The present data show that multiple steps of the in vivo development of CNS neurons can be reproduced in culture. This system will be a useful tool to study the effects of molecules (Shh, vitronectin, NT-3, BDNF) known to be involved in the generation of ventral neural tube cell populations (manuscript in preparation). Another promising approach is the creation of a bank of gene-trap ES clones prescreened by in vitro differentiation of ES cells (Baker et al., 1997) . The diversity of characterized neuronal phenotypes obtained in our system, suggest that in vitro preselection will be helpful in identifying new genes expressed in restricted areas of the CNS.
Experimental procedures
Cell culture and media
The ES cell line CCE (Robertson et al., 1986 ) was maintained in ES medium: DMEM, 15% FBS (fetal bovine serum from GibcoBRL no. 10270), 2 mM l-glutamine, 1 mM Na pyruvate, 10 units/ml penicillin, 10 mg/ml streptomycin, 0.1 mM b-mercaptoethanol, leukemia inhibitory factor (Gibco-Esgro LIF) at 1000 units/ml. During the first 2 days, ES cells were cultured in 50 ml hanging drops containing 2500 ES cells (Rohwedel et al., 1994) . Embryoid bodies (EBs) medium contains the same components as ES medium except for 20% FBS, no LIF and no b-mercaptoethanol. A 10-cm Petri dish was placed upside-down on its lid, together with a 3.5-cm dish containing 2 ml of PBS to prevent evaporation from hanging drops. All-trans-retinoic acid (Sigma, R 2625) was added at 2 mM at day 2. The medium containing RA was prepared in the dark. The medium was not changed between days 2 and 7. On day 7, EBs were sedimented within a few minutes in a tube containing 10 ml PBS at 37°C. EBs were washed once with PBS and dissociated. ES-derived neurons were grown on 35-mm polyornithine/laminin-coated dishes in 2 ml of F12 complete medium containing BSA (0.3% w/v), FBS (2%), lglutamine (2 mM), penicillin (10 units/ml), streptomycin (10 mg/ml), transferrin (0.1 mg/ml), putrescine (16 mg/ml), Na selenite (160 ng/ml), insulin (10 mg/ml), progesterone (60 ng/ml).
Culture dishes were precoated during 2 h with 2 ml of 3 mg/ml of polyornithine (PORN) diluted in water and after removing PORN, they were dried for 30 min. Two milliliters of basal F12 medium containing 3 mg/ml of laminin (LN, Becton Dickinson) were added and the dishes were incubated overnight at 37°C, 5% CO 2 . The medium was changed quickly to culture medium containing dissociated cells, whilst not allowing the laminin to dry.
EB dissociation
To facilitate quantitive analysis of the neuronal types present, EBs were dissociated following a protocol found to minimize cell death. EBs were gently pipeted up one by one into a 1 ml blue tip in a minimal quantity of medium and collected in a transparent tube containing 10 ml PBS. EBs were never centrifuged but were allowed to sediment at the bottom of the tube for a few minutes (between 40 and 50 EBs were recovered per dish). EBs were washed in PBS at 37°C and dissociated by adding 500 ml of 0.25% (5 × ) trypsin-EDTA which was vortexed very gently for 5 min. EBs were dissociated by slowly pipetting the solution 10-15 times into a 1-ml blue tip. After EB sedimentation, 400 ml of the supernatant containing dissociated cells were recovered and transferred to medium containing 20% FBS. After adding a second 400 ml volume of 0.25% trypsin-EDTA to the EB pellet, the dissociation was repeated: most dissociation occurred during the third and fourth rounds, although dissociated cells were obtained earlier.
The complete dissociation should not exceed 35-40 min because massive cell death occured. Cells were centrifuged at 270 g for 5 min and resuspended in 4 ml of F12 complete medium. Efficient dissociation of 40-50 EBs gave normally between 7 × 10 5 and 9 × 10 5 healthy cells.
Embryoid body cryostat sections
EBs were collected at day 6 (EB6) and 7 (EB7) of culture, washed in PBS, fixed in 4% paraformaldehyde for 2 h at 20°C and incubated in PBS 20% sucrose overnight. Cryostat sections (20 mm) of EB pellets were dried onto microscope slides for 30 min and slides were kept frozen before immu-nostaining. Sections were permeabilized with Triton 0.1%, lysine 50 mM in PBS at 4°C for 15 min and then washed three times with PBS.
Antibodies and immunocytochemistry
Cells plated on 3.5-cm polyornithine/laminin coated dishes were washed in basal F12 and fixed with 4% paraformaldehyde, 0.1% glutaraldehyde in PBS at 4°C for 15 min. Fixed cells were washed in cold PBS before permeabilization in 0.1% Triton, 50 mM lysine in PBS at 4°C for 15 min. After washing in PBS, cells were incubated with blocking solution containing 2% BSA, 2% heat-inactivated horse serum, 50 mM lysine in PBS at 4°C overnight. Cells were then washed with PBS and incubated with primary antibodies used in double immunostaining for 2 h at RT (except for anti-HB9, 24 h at 4°C and anti-VAChT, 4 h at RT). Secondary antibodies donkey anti-rabbit FITC-conjugated (1:100), biotin-SP-conjugated donkey anti-goat IgG (1:200, Jackson ImmunoResearch Lab.) and Cy3-conjugated donkey anti-mouse at 1:400 (Jackson ImmunoResearch Lab.) were diluted in PBS, 2% horse serum, 8% FBS, 4% inactivated sheep serum, 2% BSA and applied to cells for 2 h at 20°C in the dark. For VAChT staining, we used Cy3-conjugated streptavidin (1:1000) incubated for 30 min in the same buffer after removing the secondary antibody. After three washes in PBS, cells were mounted in Citifluor. EB sections were immunostained as described for cultured cells except primary antibodies were incubated 3 h and longer washes in PBS were required after each incubation with antibodies.
Primary antibodies and dilutions in the same buffer used for secondary antibodies were: rabbit anti-NF-145 (1:500, Chemicon), rabbit anti-peripherin (1:200, a gift from M.M. Portier), rabbit anti-Islet-1 (1:200, A8, a gift from T. Jessell), rabbit anti-Phox2b (1:1000, a gift from C. Goridis), goat anti-VAChT (1:1000, Chemicon), mouse monoclonal anti-MAP2 (1:250, Sigma), monoclonal anti-HB9 (1:2, a gift from T. Jessell) monoclonal anti-Lim-1/2 (1:2, 4F2, a gift from T. Jessell), monoclonal anti-Lim-3 (1:100, 4E12, a gift from T. Jessell), monoclonal antibodies from Developmental Studies Hybridoma Bank: anti-nestin (1:100, rat-401), anti-PAX6 (1:100), anti-PAX7 (1:100), anti-EN1 (1:100, 4G11). 'Anti-Islet-1/2' was a mixture of two antibodies (from Dev. Studies Hybridoma Bank): 4D5 (1:200 on cultured cells; 1:100 on sections) and 2D6 (1:2). For double immunostaining, negative controls were performed by omitting one of the two primary antibodies or one of the two secondary antibodies. Positive controls were performed using either purified E14 rat motoneurons, E14 rat dissociated spinal cord or rat embryo sections.
RT-PCR assays
Total RNA was extracted from 100 to 150 EBs by the method of Chomczynski and Sacchi (1987) for each induction experiment. One microgram of total RNA was mixed with 250 ng oligo dT-anchor and the mixture was heated for 10 min at 70°C, chilled on ice and adjusted to 1x first-strand buffer. The cDNA synthesis was performed according to the instructions for Superscript II RNase H − reverse transcriptase (GibcoBRL) in a final volume of 20 ml containing 10 mM DTT, 0.5 mM dNTPs, 10 units RNasin, and 200 U Superscript. Tubes were incubated for 1 h at 45°C, 5 min at 95°C, spun, and chilled on ice. PCR reactions were performed in a final volume of ml. Two microlitres of cDNA solution were amplified in 1× Taq buffer with 50 pmol of each primer, 100 mM dNTPs, and 2.5 U Taq polymerase (GibcoBRL). Thirty cycles of amplification were carried out and, unless otherwise indicated, cycle times were 94°C for 30 s, 60°C for 30 s and 72°C for 1 min, followed by 60°C for 2 min and 72°C for 5 min. Mouse primer sequences and the length of amplified products were as follows (forward primers are noted 's' for sense and reverse primers are noted 'as' for antisense): PCR products generated from EBs were separated on 1% agarose gels and transferred onto Hybond N+ membrane in 0.4 M NaOH. The filter was washed for 10 min in 2× SSPE and irradiated by UV. Filters were incubated in prehybridization buffer (6× SSC, 5× Denhardt, 500 mg/ml denaturated salmon sperm) at 65°for 1 h and then hybridized overnight with DIG-dUTP probes in the same buffer. Specific probes were generated from PCR products by using mouse neural tube cDNA as template. Probes were purified from 1% agarose gels on Qiaquick columns (Qiagen). The specificity of the amplified sequences were verified either by restriction mapping or Southern blotting using nested PCR products as probes. A second round of amplification by PCR incorpor-ating DIG-dUTP was then performed and probes were purified on columns. After hybridization, filters were washed twice in 2× SSC at 20°C for 5 min and twice in 0.2× SSC at 60°C for 15 min. After incubation in buffer 1 (150 mM maleic acid, 100 mM NaCl, pH 7.5) containing 1% blocking reagent (Boehringer), anti-DIG phosphatase alkaline linked antibody (1:4000, Boehringer) was applied on filters for 1 h at 20°C. After two washes in buffer 1 (without blocking reagent), filters were equilibrated in buffer 2 (100 mM Tris-HCl, 100 mM NaCl, 50 mM MgCl 2 , pH 9.5) for 5 min and transferred in NBT-BCIP solution. Reactions were blocked in 20 mM EDTA.
In situ hybridization
Antisense digoxigenin(DIG)-labeled riboprobe for erbB3 was produced from the murine cDNA pDR3 plasmid (a gift from C. Birchmeier) using a DIG-RNA labeling kit (Boehringer), following the manufacturer's instructions. Antisense digoxigenin(DIG)-labeled riboprobe for HB9 was produced from a murine HB9 cDNA plasmid (a gift from S. Pfaff). Embryoid bodies at day 7 (EB7) were fixed, sectioned to 20 mm on a cryostat, and treated for in situ hybridization as described by Schaeren-Wiemers and GerfinMoser (1993) . Positive controls were performed using cryostat sections of E14.5 mouse embryo at the level of cranial ganglia (for erbB3 probe) and of spinal cord from E12 mouse embryo (for HB9 probe).
